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Background: Few studies comparing multiple methods for DNA extraction from dried blood spots (DBS) on filter 
paper for PCR targeting the Plasmodium genome have been done. 

Methods: Frequently-used methods for DNA extraction from DBS using Chelex-100, InstaGene Matrix, QIAamp 
DNA Mini Kit and TE buffer were compared on a dilution series of a standardized Plasmodium falciparum positive 
sample. The two DNA extraction methods resulting in the lowest limits of detection were compared by testing 
both on 31 P. falciparum positive samples collected under field conditions and stored for 4 years. 

Results: The Chelex-100, InstaGene Matrix and QIAamp DNA Mini Kit methods performed similarly, resulting in 
the detection of 0.5 to 2 parasites per microliter (p/jxl). The same 13 clinical samples (13/31; 42%) were positive 
using both DNA extraction methods with the lowest limits of detection. 

Conclusions: Simple and low-cost methods can be sensitive and useful in extracting DNA from DBS. Poor results 
on stored clinical DBS indicate that further studies on the impact of storage duration and conditions, and choice 
of filter paper should be performed. 
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Introduction 

Malaria took the lives of an estimated 627 000 people in 2012. 1 
There are currently 97 malaria-endemic countries in the world 
with resource-poor countries in sub-Saharan Africa bearing the 
greatest burden. 1 

Polymerase chain reaction (PCR) for detection of malaria has 
become increasingly relevant for epidemiological research on 
malaria in endemic areas. With its high sensitivity and specificity 
PCR is increasingly being considered a gold standard method in 
research settings, although the clinical applicability of PCR results 
is not yet fully established. 2 " 4 Generally, DNA extracted from 
whole blood has been used for PCR, but dried blood spots (DBS) 
on filter paper have emerged as a convenient way to collect and 
transfer specimens for DNA extraction in studies in rural areas 
where effective cold-chains are lacking, transport is difficult and 
malaria flourishes. Dried blood spots do not require a cold chain 
and they allow for retrospective PCR analysis. A major limitation 
of using these methods is that PCR requires specialized expertise 
and relatively expensive equipment to perform. 5 



Studies on storage of DBS over longer periods of time have 
shown varying results. One study showed diminished sensitivity 
when stored beyond 5 years. 6 Another study showed increased 
sensitivity after 4 years, likely due to inhibitors being more easily 
eluted from newer rather than older samples. 7 Storage conditions 
including humidity and temperature, as well as the sort of filter 
paper used are likely to influence how well the DNA is preserved 
in the DBS. 8 

In research, in a resource-poor setting, a simple and inexpen- 
sive method of DNA extraction is desirable for the method to be 
feasible and sustainable. A simple boiling method using TE buffer 
was introduced by Bereczky et al. and was shown to have higher 
sensitivity compared to two established methods using Chelex 
and methanol. 9 Methods using Chelex 6,10 " 12 and InstaGene 
Matrix 7,13,14 are based on the use of a substance that removes 
PCR-inhibitors through a procedure including a boiling step. In 
addition to these methods commercial kits, such as QIAamp 
DNA Mini Kit, are also frequently used, 6,15,16 and are therefore rele- 
vant when comparing methods for DNA extraction from filter 
paper. Previous comparisons of DNA extraction methods from 
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DBS that have been published 6 ' 9 ' 13,17 have included only two to 
three methods that were tested on non-standardized reference 
or clinical samples. Research groups applying these and similar 
techniques are likely to have tested several methods of DNA 
extraction and optimized these before applying the methods to 
field samples. However, few studies are published illustrating 
this process of testing and justifying the choice of one DNA extrac- 
tion method above another. 

This study was performed to identify the method with the low- 
est limit of detection among several commonly used methods for 
DNA extraction from DBS, and to assess the cost-effectiveness of 
the methods. The purpose of the study was to find a method feas- 
ible for studies in resource-poor settings. In addition, to assess the 
performance on stored clinical samples, the two most sensitive 
DNA extraction methods were evaluated on a set of 4-year-old 
DBS from whole-blood malaria PCR-positive patients. 

Materials and methods 
Samples 

A series of a total of 10 two- and five-fold dilutions of an external 
reference sample of Plasmodium falciparum, US 04 F Nigeria XII 
(WHO Specimen Bank at Centers for Disease Control and 
Prevention, Atlanta, GA, USA), with 2000 parasites per microliter 
(p/|xl) in malaria-negative control blood were made. The dilutions 
ranged from 2000 to 0.25 p/jjul. The DBS were prepared by dropping 
50 |ulI blood on a segment of a Whatman Schleicher & Schuell filter 
paper, grade 589/2 (Whatman GmbH, Dassel, Germany). The DBS 
were air-dried completely before being analyzed within 1 week. 

From 31 febrile patients that had previously tested positive 
by mitochondrial Plasmodium genus-specific PCR of DNA 
extracted from whole blood that had been stored at -20°C for 
2-2.5 years before analysis, surplus DBS had been collected to 
perform the comparison of methods for DNA extraction from 
DBS. Of these, 26 had rapid diagnostic test (RDT) (First response 
malaria Ag pLDH/HRP2 Combo card test) results available, and 9 
were RDT positive. All 31 samples were confirmed positive for 
P. falciparum either by species-specific PCR as described by 
Padley et al 18 or by sequencing, 3 in addition to being positive by 
the mitochondrial genus-specific malaria PCR (performed as 
described below). Samples were collected from admissions at the 
general paediatric wards at Muhimbili National Hospital (MNH) in 
Dar es Salaam, Tanzania as part of a study of febrile children. 3 The 
DBS were prepared by dropping two drops of venous blood, collected 
with a syringe at the same time as other blood tests were taken, on 
a segment of a Whatman Schleicher & Schuell filter paper, grade 
589/2 (Whatman GmbH). The DBS were stored in sealed, airtight 
plastic pockets after air-drying completely. After storage at the 
ambient temperature of around 25°C for 3 to 9 months they were 
transported, protected from sunlight, and stored for approximately 
3.5 years at -20°C before DNA extraction. 19,20 

DNA extraction 

Harris Uni-Core puncher (Qiagen, Hilden, Germany) was used to 
punch out circles (3 mm in diameter) in the DBS. Between sam- 
ples, the Harris Uni-Core was cleaned as described previously. 21 
Care was taken to ensure that no liquid from the cleaning process 
carried over to the next DBS. 



Chelex-100 Molecular Biology Grade Resin (Bio-Rad 
Laboratories, Hercules, CA, USA), InstaGene Matrix (Bio-Rad 
Laboratories), QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) 
and TE buffer methods were tested on all DBS prepared from 
the dilutions of the reference blood sample to find the methods 
with the lowest limit of detection (LOD). The LOD was defined as 
a final sample dilution where at least two of three replicates were 
PCR-positive, and all preceding dilutions also had at least two of 
three replicates positive. For all methods, six punches of DBS 
(approximately 25 |xl of blood) were used in the extraction of 
DNA from each dilution. Corrected LOD was found by dividing 
the estimated number of parasites in the 25 |xl of blood, from 
the six punches of the DBS, by the final elution volume of each 
method. The Eppendorf Centrifuge 5417C (Eppendorf AG, 
Hamburg, Germany) was used for all methods. DNA extracts 
were stored at -20' C until PCR was performed. In addition, the 
two methods that resulted in the lowest corrected LOD when 
tested on the dilution series were compared using the same pro- 
cedure on the clinical samples. 

Three variants of the method for DNA extraction using 
Chelex-100 were tested (Box 1). For all three methods 5% 
Chelex-100 in distilled water was kept in suspension using a mag- 
netic stirrer. In the first method, the DBS was soaked in saponin and 
this was a variant of a method described in several studies includ- 
ing one by Wooden et al. 19,22 " 25 A second version of the Chelex-100 
method, which involved soaking of the DBS overnight in PBS, was 
based on a method described by Chaorattanakawee et al. using 
InstaGene Matrix. 7 A third Chelex-100 method, where the DBS 
punches were not soaked overnight, was also done as described 
by Kain et al. 26 The two first methods resulted in approximately 
80 (uuL eluted DNA while the last method gave a volume of 150 |xl. 

Two methods were tested using 6% InstaGene Matrix in a pre- 
prepared solution for DNA extraction that was kept in suspension 
(Box 1). The first method, without soaking the DBS overnight, was 
done as described by Cox-Singh et al. 13 The second method (with 
overnight soaking of the punches in PBS) was performed as a 
combination of the methods described by Chaorattanakawee 
et al. 7 and Cox-Singh et al. 13 Both methods resulted in approxi- 
mately 160 (xl eluate. Extraction using QIAamp DNA Mini Kit 
was done according to the manufacturer's instructions and 
resulted in approximately 100 |jlI eluted DNA. 

The TE buffer method was performed as described by Bereczky 
et al. 9 In brief, the punches from the DBS were placed in 65 |xl TE 
buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA in distilled water) in a 
clean tube and incubated at 50°C for 15 min. The filter paper 
punches were then manually pushed towards the bottom of the 
tube several times with a pipette tip and then heated to 97°C for 
15 min. The tube wascentrifugedat high speed for 10 s before the 
supernatant (approximately 50 |xl) was removed and placed in a 
clean tube. 9 

PCR 

A genus-specific PCR targeting the Plasmodium mitochondrial 
genome, as described by Haanshuus et al., 2 but with a primer 
concentration of 1 |jlM, was performed on DNA extracted from 
DBS. Primers PgMtl9 F3 and PgMtl9 B3 were used. The DNA 
template volume used in the PCR reaction was 2 |xl, with a total 
volume of 25 |xl. The amplification conditions were as follows: 
step 1, 95°C for 15 min; step 2, 95°C for 10 s; step 3, 62°C for 10 s; 
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Box 1. DNA extraction methods from dried blood on filter paper using Chelex-100 and InstaGene Matrix 



Chelex-100 






InstaGene Matrix 




Soaking in saponin" 


Soaking in PBS 


No soaking 


Soaking in PBS 


No soaking 


• Place punches in 1 ml 


• Place punches in 100 


• Place punches in 180 


• Place the punches in 


• Place the punches in 


0.5% saponin 


pi PBS 


lil 5% Chelex-100 


100 (il PBS and 


a clean tube 


• Incubate at 4°C 


• Incubate at 4°C 


already heated 


incubate overnight 


• Add 200 |il 


overnight 


overnight 


to 100°C 


at 4°C 


InstaGene Matrix 


• Remove saponin and 


• Centrifuge at 


• Vortex 30 s 


• Centrifuge at 


• Incubate at 56°C for 


add 1 ml PBS 


18 000 g for 2 min 


• Incubate at 99°C for 


18 000 g for 2 min 


30 min. Vortex 


• Incubate at 4°C for 


• Remove supernatant 


10 min 


• Remove and discard 


carefully after 15 min 


30 min 


and add 100 |il PBS 


• Centrifuge at 


supernatant and add 


and after completed 


• Remove PBS and 


• Centrifuge at 


12 000 g for 1.5 min. 


100 (il PBS 


incubation 


place punches in 100 


18 000 g for 2 min 


• Remove the 


• Centrifuge at 


• Boil samples at 100T 


(jil 5% Chelex-100 


• Remove PBS and 


supernatant and 


18 000 g for 2 min 


for 8 min 


• Incubate at 100°C for 


place punches in 100 


transfer to a 


• Remove and discard 


• Centrifuge at 


8 min 


lil 5% Chelex-100 


clean tube 


supernatant 


15 000 g for 2 min 


• Centrifuge at 


• Incubate at 100°C for 


• Centrifuge the 


• Add 200 |il 


• Carefully remove and 


10 600 g for 2 min 


8 min 


supernatant at 


InstaGene Matrix 


store supernatant at 


• Carefully remove and 


• Centrifuge at 


12 000 g for 1.5 min 


• Incubate at 56°C for 


-20°C if the extract is 


store supernatant at 


10 600 g for 2 min 


• Carefully remove and 


30 min. Vortex 


not used promptly 


-20°C if the extract is 


• Carefully remove and 


store supernatant at 


carefully after 15 min 




not used promptly 


store supernatant at 


-20°C if the extract is 


and after completed 






-20°C if the extract is 


not used promptly 


incubation 






not used promptly 




• Boil samples at 100°C 
for 8 min 

• Centrifuge at 

15 000 g for 2 min 

• Carefully remove and 
store supernatant at 
-20°C if the extract is 
not used promptly 





PBS: phosphate-buffered saline pH 7.4. 

a Saponin, 0.5% saponin (Sigma-Aldrich Chemie, Stenheim, Germany) in phosphate-buffered saline (PBS) pH 7.4. 



step 4, 72°C for 15 s. Steps 2-4 were repeated 50 times. This was 
then followed by incubation for 10 min at 72°C. Amplification was 
done using GeneAmp PCR System 9700 (Applied Biosystems, 
Carlsbad, CA, USA). All samples were run in triplicate. PCR results 
were read blinded to other malaria test results, where relevant. 
Analysis of PCR products was done by electrophoresis using 2% 
SeaKem agarose gel (Lonza, Rockland, ME, USA) with IX GelRed 
(Biotium, Hayward, CA, USA). 

Cost assessment 

The cost of reagents or kit per sample was calculated from the 
purchase price of reagents and kits and extrapolated to the 
mean price per test in US$ for extracting DNA from a total of 
10 000 DBS. 

Ethical considerations 

For collection of patient samples, a research permit was obtai- 
ned from the Tanzania Commission for Science and Technology 



(COSTECH), and ethical clearance was received from the appropri- 
ate bodies at Muhimbili University of Health and Allied Sciences 
(MUHAS), MNH and from the Regional Committee for Medical 
and Health Research Ethics, Western Norway. The collection of 
patient samples was done in collaboration between MUHAS/ 
MNH and the University of Bergen/Haukeland University Hospital, 
Norway. Informed, written consent was obtained from the parti- 
cipants' parent or guardian by signature or thumbprint. 

Results 

The results for all methods for DNA extraction from filter paper, 
including LOD before and after correction for final elution volume, 
as well as the cost of reagent or kit per sample, are shown in 
Table 1. All the methods, except for the TE buffer method, per- 
formed well resulting in a limit of detection of 0.5 to 2 p/|il 
(0.16 to 0.63 p/|il after correcting for elution volume). The 
Chelex-100 method, with soaking in 0.5% saponin overnight, 
was positive for all dilutions up to 0.5 p/|il, which was the lowest 
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Table 1. Results of PCR targeting mitochondrial Plasmodium genome of DNA obtained with various extraction methods from dried blood spots 
(DBS) on filter paper with decreasing parasite densities, performed in triplicate 



Parasite density (parasite/(xl) 


Chelex-100 






QIAampDNA Mini Kit 


TE buffer 


Instagene Matrix 


with saponin 


with PBS 


without soaking 


with PBS 


without soaking 


2000 


+ 


+ 


+ 


+ 


+N+ 


+ 


+ 


LOO 


i 

t 


i 

t 


i 

T 


i 

T 


1 

T~ 


+ 


+ 


80 


+ 


+ 


+ 


+ 


N 


+ 


+ 


16 


+ 


+ 


+ 


+ 


N 


+ 


+ 


8 


+ 


+ 


+ 


+ 


N 


+ 


+ 


4 


+ 


+ 


+ 


+ 


N 


+ 


+ 


2 


+ 


+ 


+ 


++N 


N 


+ 


N++ 


1 


N++ 


+NN 


N 


N 


N 


N++ 


N 


0.5 


+ 


+N+ 


++N 


N 


N 


N 


N 


0.25 


N 


+N+ 


N 


N 


N 


N 


N 


LOD (p/|xl) 


0.5 


2 


2 


2 


400 


1 


2 


Corrected LOD (p/^l) 


0.16 


0.63 


0.33 


0.5 


200 


0.16 


0.31 


Cost per sample (US$) a 


0.16 


0.14 


0.27 


4.69 


0.01 


1.23 


1.23 



Corrected LOD: limit of detection based on parasite concentration in eluate after correcting for each method's final elution volume; LOD: limit of 

detection; N: negative; p: parasites; +: positive (if only one + or N, positive or negative on all three replicates). 

a Cost of reagents or kit per sample in US$, if reagent or kit is purchased for DNA extraction from a total of 10 000 dried blood spots. 



LOD compared to the other methods. After correcting for elution 
volume the lowest LOD was 0.16 p/^l and was the same for both 
the Chelex-100 method with soaking in 0.5% saponin overnight 
and the InstaGene Matrix with soaking in PBS overnight. These 
two methods were therefore compared using the 31 DBS samples 
from whole-blood malaria PCR-positive patients. The same 13 
samples (13/31; 42%) were positive using both of these methods. 
None of the clinical samples were positive using only one of the 
two DNA extraction methods. All clinical samples with positive 
RDT results were also positive by PCR of DNA extracted from DBS 
(Table 2). 



Discussion 

This study aimed to identify a cost-effective and sensitive method 
for extracting malarial DNA from filter paper with the intention of 
improving tools for malaria research in resource-constrained set- 
tings of malaria-endemic countries. 

The parasite detection levels of several of the methods tested 
in this study were comparable to those found from PCR of DNA 
extracted from whole blood. 2 All extraction methods resulted in 
positive PCR results for all dilutions, with a lowest detection level 
of 0.5 to 2 p/jjlI (corrected LOD 0.16 to 0.63 p/^l), except for the 
method using TE buffer. This LOD-range is comparable to the 
range found when the same PCR methods were used on the ref- 
erence whole blood sample (consistent parasite detection level of 
0.5 p/|xl). 2 It therefore appears that samples collected on filter 
paper can be useful for monitoring malaria epidemiology, giving 
similar results compared to when whole blood is used as the 
DNA template. In the current era with an increasing number of 
deaths and cases attributable to malaria, 1 tracking malaria 



epidemiology is increasingly important in order to monitor the 
effects of and appropriately target interventions. 

Thirty-one clinical samples were also tested and the sensitivity 
of 42% (13/31) suggests that using PCR on stored clinical DBS is 
inferior to performing PCR on whole blood in detecting malaria 
parasitaemia. It appears that the LOD of 0.5 p/^l that was 
found using the reference P. falciparum positive sample does 
not apply to stored clinical DBS. This could indicate that many clin- 
ical samples positive by PCR on whole blood may have had very 
low parasitaemia that was undetectable when using filter paper. 
In one DBS of 50 |jd there are on average 12 punches of 3 mm 
each. Thus, approximately 25 |xl of dried blood were included in 
the DNA extraction methods when six punches from each DBS 
were used. With the final volumes of eluate from DBS varying 
from 50 to 160 ^1 depending on the DNA extraction method 
used, this results in 4-12 times lower malarial DNA concentration 
compared to the eluate from whole blood, where the extraction 
method used included 200 jjlI blood concentrated into 100 |ulL of 
eluate. This could explain the lower sensitivity of PCR on DBS com- 
pared to that on whole blood. The ranking of the methods based 
on LOD is similar even after LOD has been corrected for final elu- 
tion volume (Table 1). The clinical samples negative by PCR using 
DNA extracted from DBS, for which the RDT results were available 
(n=17), were also all RDT negative, while PCR-positive DBS sam- 
ples were also RDT positive (n=9) (Table 2). As the limit of detec- 
tion of most RDTs is approximately 100-200 p/|xL, it appears that 
for these clinical samples the PCR of DNA extracted from DBS using 
the Chelex-100 method (with soaking in saponin overnight) gen- 
erally detected samples with higher parasitaemia compared to 
using PCR of DNA extracted from whole blood. 

The clinical DBS had been stored for approximately 4 years, 
initially for 3 to 9 months at room temperature in a tropical 
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Table 2. Results of PCR using DNA from dried blood spots (DBS) 
extracted using Chelex and InstaGene Matrix, and rapid diagnostic 
tests (RDT) for 31 whole-blood mitochondrial PCR-positive samples 



Patient no. 


PCR of DNA extracted from DBS 


RDT 


Chelex-100 


InstaGene Matrix 


1 


+ 


+ 


+ 


2 


+ 


+ 


+ 


3 


+ 


+ 


+ 


4 


+ 


+ 


+ 


5 


N 


N 


N 


6 


N 


N 


N 


7 


N 


N 


N 


8 


N 


N 


N 


9 


N 


N 


N 


10 


+ 


+ 


ND 


11 


N 


N 


N 


12 


N 


N 


N 


13 


N 


N 


N 


14 


N 


N 


ND 


15 


N 


N 


N 


16 


N 


N 


ND 


17 


N 


N 


N 


18 


N 


N 


N 


1 Q 


+ 


+ 


IMU 


20 


N 


N 


ND 


21 


N 


N 


N 


22 


+ 


+ 


ND 


23 


+ 


+ 




24 


+ 


+ 


: 


25 


N 


N 


N 


26 


N 


N 


N 


27 


N 


N 


N 


28 


N 


N 


N 


29 


+ 


+ 


+ 


30 


+ 


+ 


+ 


31 


+ 


+ 


+ 



DBS: dried blood spot; +: positive; N: negative; ND: not done; RDT: 
rapid diagnostic test. 



environment (generally above 25°C), followed by storage at 
-20°C until DNA extraction was performed. This has likely contrib- 
uted to reducing the quality of the DNA on these DBS. 6 The trans- 
fer to storage at -20°C after several months at higher 
temperatures is common in field studies as cold-storage facilities 
are generally available for long-term storage of samples after 
transport from the site of field sample collection to the location 
of PCR analysis. Moll et al. recommend long-term storage of DBS 
at -20°C. 19 The filter paper used in this study has not been veri- 
fied in previous studies as suitable for DBS. The test of the dilution 
series of samples confirms its general suitability, however its abil- 
ity to preserve DNA over time compared to other filter papers 
needs further investigation. Other factors such as the exact pH, 



brand and type of polymerase used could also have influenced 
the results. 

InstaGene Matrix was reported to be superior to Chelex-100 by 
Cox-Singh et al., as it is claimed to be more effective in removing 
PCR inhibitors than conventional Chelex-100 resin. 13 The findings 
of the current study contradict this, as the Chelex-100 and 
InstaGene Matrix methods performed similarly with the same 
corrected LOD of 0.16 p/|xl, as opposed to the LOD of 30 and 
6 p/|xl, respectively, previously reported by Cox-Singh et al. 13 
Chelex-100 is much cheaper with an estimated cost of less than 
0.16 US$ per sample for the reagent compared to 1.23 US$ per 
sample for InstaGene Matrix (Table 2), and it therefore appears 
to be a useful, cost-effective and sensitive method for DNA extrac- 
tion from DBS. In addition, the results of the testing of DBS from 
whole-blood PCR-positive patients were the same whether the 
most sensitive Chelex-100 or InstaGene Matrix method was 
used, indicating that they also perform similarly on stored clinical 
samples. The TE buffer method was the cheapest alternative but 
performed poorly in the current study, despite its very good per- 
formance in a previous study by Bereczky et al. 9 The QIAamp DNA 
Mini Kit cost approximately 4.50 US$ per sample and did not per- 
form better than the other methods despite its higher cost. This kit 
was also one of the more labor-intensive methods tested in the 
current study as it included three different incubation tempera- 
tures and eight centrifugation steps. 

The Chelex-100 method required only one heating step at 
99°C, while the InstaGene Matrix method required two heating 
steps at 56°C and 100°C. The Chelex methods are therefore less 
labor-intensive than the InstaGene method. The Chelex method, 
which involved soaking in saponin overnight and had the lowest 
LOD in the current study, was also one of the most frequently 
used methods in other studies where DNA for malarial PCR was 
extracted from DBS. 19,22 " 25 InstaGene Matrix has also been used 
recently in several malaria studies using DBS. 7,27 " 30 

The limitations of the study include that the comparison of 
methods on clinical samples only included two of all the tested 
methods. The clinical samples examined had been stored for 
approximately the same length of time, which was longer than 
the storage time of the DBS made from the dilution series of the 
standard sample. A more reasonable comparison would have 
included clinical and standard samples stored for the same length 
of time. Another limitation of the study is that the filter paper used 
has not been validated or compared to other types of filter paper 
before being used in this study. The ability of the filter paper to pre- 
serve DNA over time is therefore uncertain. Also, the final elution 
volumes of the various methods were not standardized, however 
the same amount of DNA in each method was used. This compli- 
cated the comparison but was corrected for by using the cor- 
rected LOD. 

Conclusions 

Detecting Plasmodium DNA by PCR from DBS on filter paper is a 
minimally invasive, easy-to-use and cost-effective tool as a 
molecular diagnostic method in malaria research in endemic 
countries. With its low parasite detection level, cost-effectiveness 
and simple procedure, the Chelex-100 method with soaking in 
saponin solution overnight is a recommended method for DNA 
extraction from DBS. Furthermore, the method using Tris-EDTA, 
which has previously been reported to perform well, did not 
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perform well in this study and therefore should not be recom- 
mended or must be extensively tested before being used in future 
studies. The low sensitivity of PCR on DBS in malaria-positive clin- 
ical samples suggests that the sensitivity of DBS in clinical study 
settings can likely be significantly improved by optimizing storage 
and extraction methods. 

Further studies on standardized reference samples comparing 
varying storage conditions (humidity and temperature), storage 
duration, various filter paper types and different PCR assays 
should be performed in order to identify the significance of various 
variables for the results of PCR using DNA extracted from DBS. 



Authors' contributions: GEAS and BB were involved in all stages of this 
study; MGT and NL were involved in the study design; MGT selected 
methods for DNA extraction from DBS; GEAS, BB, KH and MGT 
contributed to the data interpretation and writing of the manuscript. All 
authors have read and approved the final manuscript. GEAS is the 
guarantor of the paper. 

Acknowledgements: The authors would like to thank the World Health 
Organization Malaria Specimen Bank, hosted by the Centers for Disease 
Control and Prevention (CDC, Atlanta, USA) with support from the 
Foundation for Innovative New Diagnostics (FIND) for the kind donation 
of the reference material of P. falciparum, US 04 F Nigeria XII. They 
would also like to thank the staff at the paediatric wards at Muhimbili 
National Hospital for their assistance in collecting the patient samples 
that were used in the testing. 

Funding: This work was supported by the National Centre for Tropical 
Infectious Diseases, Department of Medicine, Haukeland University 
Hospital, Bergen, Norway. 

Competing interests: None declared. 

Ethical approval: Ethical approval was obtained from the appropriate 
bodies at Muhimbili University of Health and Allied Sciences (MUHAS), a 
MNH and the Regional Committee for Medical and Health Research 
Ethics, Western Norway. 



References 

1 WHO GMP. World Malaria Report 2013. Geneva: World Health 
Organization Press; 2013. 

2 Haanshuus CG, Mohn SC, Morch K et al. A novel, single-amplification 
PCR targeting mitochondrial genome highly sensitive and specific in 
diagnosing malaria among returned travellers in Bergen, Norway. 
Malar J 2013;12:26. 

3 Strom GE, Haanshuus CG, Fataki M et al. Challenges in diagnosing 
paediatric malaria in Dar es Salaam, Tanzania. Malar J 2013;12:228. 

4 Proux S, Suwanarusk R, Barends M et al. Considerations on the use of 
nucleic acid-based amplification for malaria parasite detection. Malar 
J 2011;10:323. 

5 Hanscheid T, Grobusch MP. How useful is PCR in the diagnosis of 
malaria? Trends Parasitol 2002;18:395-8. 

6 Hwang J, Jaroensuk J, Leimanis M et al. Long-term storage limits 
PCR-based analyses of malaria parasites in archival dried blood 
spots. Malar J 2012;11:339. 

7 Chaorattanakawee S, Natalang O, Hananantachai H et al. Storage 
duration and polymerase chain reaction detection of Plasmodium 



falciparum from blood spots on filter paper. Am J Trop Med Hyg 
2003;69:42-4. 

8 Farnert A, Arez AP, Correia ATet al. Sampling and storage of blood and 
the detection of malaria parasites by polymerase chain reaction. Trans 
R Soc Trop Med Hyg 1999;93:50-3. 

9 Bereczky S, Martensson A, Gil JP, Farnert A. Short report: Rapid DNA 
extraction from archive blood spots on filter paper for genotyping of 
Plasmodium falciparum. Am J Trop Med Hyg 2005;72:249-51. 

10 Baidjoe A, Stone W, Ploemen I et al. Combined DNA extraction and 
antibody elution from filter papers for the assessment of malaria 
transmission intensity in epidemiological studies. Malar J 
2013;12:272. 

11 Gadalla NB, Abdallah TM, Atwal S et al. Selection of pfdhfr/pfdhps 
alleles and declining artesunate/sulphadoxine-pyrimethamine efficacy 
against Plasmodium falciparum eight years after deployment in 
eastern Sudan. Malar J 2013;12:255. 

12 Golassa L, Enweji N, Erko B et al. Detection of a substantial number of 
sub-microscopic Plasmodium falciparum infections by polymerase 
chain reaction: a potential threat to malaria control and diagnosis in 
Ethiopia. Malar J 2013;12:352. 

13 Cox-Singh J, Mahayet S, Abdullah MS, Singh B. Increased sensitivity of 
malaria detection by nested polymerase chain reaction using simple 
sampling and DNA extraction. Int J Parasitol 1997;27:1575-7. 

14 Steenkeste N, Incardona S, Chy S et al. Towards high-throughput 
molecular detection of Plasmodium: new approaches and molecular 
markers. Malar J 2009;8:86. 

15 Fancony C, Sebastiao YV, Pires J et al. Performance of microscopy and 
RDTs in the context of a malaria prevalence survey in Angola: a 
comparison using PCR as the gold standard. Malar J 2013;12:284. 

16 Dai-Bianco MP, Koster KB, Kombila UD et al. High prevalence of 
asymptomatic Plasmodium falciparum infection in Gabonese adults. 
Am J Trop Med Hyg 2007;77:939-42. 

17 Miguel RB, Coura JR, Samudio F, Suarez-Mutis MC. Evaluation of three 
different DNA extraction methods from blood samples collected in 
dried filter paper in Plasmodium subpatent infections from the 
Amazon region in Brazil. Rev Inst Med Trop Sao Paulo 2013;55:205-8. 

18 Padley D, Moody AH, Chiodini PL, Saldanha J. Use of a rapid, 
single-round, multiplex PCR to detect malarial parasites and identify 
the species present. Ann Trop Med Parasitol 2003;97:131-7. 

19 Moll K, Ljungstrom I, Perlmann H et al. Methods in Malaria Research. 
5th ed. Manassas, USA: Malaria Research and Reference Reagent 
Resource Center (MR4); 2008. 

20 Pritsch M, Wieser A, Soederstroem V et al. Stability of 
gametocyte-specific Pfs25-mRNA in dried blood spots on filter paper 
subjected to different storage conditions. Malar J 2012;11:138. 

21 Strom GE, Tellevik MG, Fataki M et al. No asymptomatic malaria 
parasitaemia found among 108 young children at one health facility 
in Dar es Salaam, Tanzania. Malar J 2013;12:417. 

22 Wooden J, Kyes S, Sibley CH. PCR and strain identification in 
Plasmodium falciparum. Parasitol Today 1993;9:303-5. 

23 Wangai LN, Karau MG, Njiruh PN et al. Sensitivity of microscopy 
compared to molecular diagnosis ofP. Falciparum: implications on 
malaria treatment in epidemic areas in kenya. Afr J Infect Dis 
2011;5:1-6. 

24 Plowe CV, Djimde A, Bouare M et al. Pyrimethamine and proguanil 
resistance-conferring mutations in Plasmodium falciparum 
dihydrofolate reductase: polymerase chain reaction methods for 
surveillance in Africa. Am J Trop Med Hyg 1995;52:565-8. 

25 Shekalaghe S, Drakeley C, Gosling R et al. Primaquine clears 
submicroscopic Plasmodium falciparum gametocytes that persist 



493 



G. E. A. Str0m et al. 



after treatment with sulphadoxine-pyrimethamine and artesunate. 
PLoS One 2007;2:el023. 

26 Kain KC, Lanar DE. Determination of genetic variation within Plasmodium 
falciparum by using enzymatically amplified DNA from filter paper disks 
impregnated with whole blood. J Clin Microbiol 1991;29:1171-4. 

27 Ratsimbasoa A, Ravony H, Vonimpaisomihanta JA et al. Management 
of uncomplicated malaria in febrile under five-year-old children by 
community health workers in Madagascar: reliability of malaria rapid 
diagnostic tests. Malar J 2012;11:85. 



28 Chou M, Kim S, Khim N et al. Performance of "VIKIA Malaria Ag Pf/Pan" 
(IMACCESS(R)), a new malaria rapid diagnostic test for detection of 
symptomatic malaria infections. Malar J 2012;11:295. 

29 Steenkeste N, Rogers WO, Okell L et al. Sub-microscopic malaria cases 
and mixed malaria infection in a remote area of high malaria 
endemicity in Rattanakiri province, Cambodia: implication for 
malaria elimination. Malar J 2010;9:108. 

30 Myers WP, Myers AP, Cox-Singh J et al. Micro-geographic risk factors for 
malarial infection. Malar J 2009;8:27. 



494 



